Because of the growing concern that exposures to airborne pollutants have adverse effects on fetal growth and early childhood neurodevelopment, and the knowledge that such exposures are more prevalent in disadvantaged populations, we assessed the joint impact of prenatal exposure to environmental tobacco smoke (ETS) and material hardship on the 2-year cognitive development of inner-city children, adjusted for other sociodemographic risks and chemical exposures. The purpose was to evaluate the neurotoxicant effects of ETS among children experiencing different degrees of socioeconomic disadvantage, within a minority population. The sample did not include children exposed to active maternal smoking in the prenatal period. Results showed significant adverse effects of prenatal residential ETS exposure and the level of material hardship on 2-year cognitive development, as well as a significant interaction between material hardship and ETS, such that children with both ETS exposure and material hardship exhibited the greatest cognitive deficit. In addition, children with prenatal ETS exposure were twice as likely to be classified as significantly delayed, as compared with nonexposed children. Postnatal ETS exposure in the first 2 years of life did not contribute independently to the risk of developmental delay, over and above the risk posed by prenatal ETS exposure. The study concluded that prenatal exposure to ETS in the home has a negative impact on 2-year cognitive development, and this effect is exacerbated under conditions of material hardship in this urban minority sample.
Introduction
There is growing concern that exposures to ambient and indoor air pollutants have adverse effects on fetal growth and on early childhood neurodevelopment beyond the neonatal period [71] . Recent evidence suggests that such toxic exposures frequently occur in the context of multiple social disadvantages, many of which also impair child health and well-being [34, 93] . Exposures to environmental tobacco smoke (ETS) and polycyclic aromatic hydrocarbons (PAH), in particular, are high among low-income, urban and minority populations, both because of the uneven distribution of outdoor pollution sources [19, 95] and the higher smoking rates in these populations [16, 36, 73, 90, 94] . Across the United States, 10 million children under the age of 6 years are exposed to residential ETS [1] , including exposures in the homes of relatives and caregivers [40] . Elevated cotinine levels, indicative of ETS exposure, have been reported in 70 -80% of inner-city children [92] . Furthermore, 60% of Hispanics and 50% of African Americans, compared with 33% of Caucasians, live in areas failing to meet two or more of the national ambient air quality standards [65, 95] . These same minority populations are also more likely than others to experience poverty and a range of adversities that accompany poverty including substandard housing, poor nutrition, and inadequate health care [2, 44, 74] . In New York City, for example, it is estimated that 74% of the children in Central Harlem and 60% in Washington Heights live in fair to poor quality housing, as compared with 38% city wide [20] .
ETS, a complex mixture of over 4000 chemicals including PAH and carbon monoxide [18, 47] , has been associated with reduced birth weight and length [48, 58, 59, 75] , preterm birth [101] , fetal growth retardation (see, for review, Ref. [100] ), and, in some studies, early cognitive functioning [29, 54] . The PAH fraction of respirable particulate matter is also associated with growth and developmental deficits in infants. Specifically, transplacental exposure to PAH at relatively high concentrations (annual average airborne concentrations of 7-17 ng/m 3 B[a]P in human studies) has been linked to decrements in head circumference and birth weight and length in highly exposed newborns [23, 46, 69, 72, 98] -decrements with potential longer term implications for lower cognitive functioning and school performance in childhood [35, 51] .
The consistent effects of adverse socioeconomic conditions on fetal and child neurodevelopment have been demonstrated in a range of populations [15, 26] , possibly mediated by nutrition, substance abuse, health service delivery, environmental agents, psychosocial stress [38, 52] , or other health behavioral pathways [25] . Efforts to operationalize the hazards that accompany low income reveal considerable heterogeneity of material hardships and assets within low-income populations [56] . These conditions of daily living may mediate the adverse health and developmental effects of poverty [76] , translating low income into illness and developmental delay. However, mechanisms underlying these pathways are not clear.
The co-occurrence and chronic nature of exposures to multiple chemical toxicants, as well as to socially adverse conditions, pose methodological challenges for risk assessment. In practice, few toxic exposures occur in isolation [18, 47] , and the unfavorable social conditions that underlie pollution typically generate many different kinds of environmental hazards, which tend to accumulate over time. For example, exposure to social stressors has been associated with increased rates of smoking [37] . Several studies have shown that the accumulation of multiple toxic exposures affects child development more strongly than any one specific exposure [9, 67, 93] . Similarly, child development studies indicate that the total number of social adversities predicts child intellectual functioning better than any single risk factor [79] .
The present study evaluated the impact of prenatal exposure to residential ETS at three levels of material hardship in a predominantly low-income urban population, while adjusting for other toxicant exposures and social risk factors and excluding women who actively smoked during pregnancy. We tested the hypothesis that, after adjusting for other biomedical and demographic risks, prenatal exposure to ETS will negatively affect early child development and that adverse social conditions will exacerbate the harmful impact of ETS. We also assessed the contribution of postnatal ETS exposure to child cognitive functioning, beyond the effects of prenatal exposure.
Methods

Study participants
The participants for this report are 226 infants of Dominican and African American women residing in Washington Heights, Central Harlem, and the South Bronx, who delivered at New York Presbyterian Medical Center (NYPMC), Harlem Hospital (HH), or their satellite clinics, between 4/98 and 10/02, and enrolled in a cohort study concerning the impact of indoor and ambient pollutants undertaken by the Center for Children's Environmental Health [69, 70] . Ethnicity was based on self-identification. Only nonsmoking women (classified by self-report and validated by cotinine levels less than 25 ng/ml), aged 18-35, self-identified as African American or Dominican, and who registered at the OB/GYN clinics at NYPMC and HH by the 20th week of pregnancy were approached for consent to participate. Eligible women were free of diabetes, hypertension and known HIV, documented or reported drug or alcohol abuse, and had resided in the area for at least 1 year. Of 784 eligible consenting women, 593 completed the 48-h antenatal personal air monitoring, and 507 completed all interviews and contributed a blood sample at the time of delivery. Of these, 236 had reached 24 months of age at the time of this report, and 226 had completed the data on all measures. The retention rate for the full cohort was 88% at the 2-year follow-up. There were no significant differences between women, in terms of maternal age, ethnicity, marital status, education, income, gestational age, or birth weight of the newborn, who were retained in the study versus those who were lost to follow-up. The study was approved by the Institutional Review Board of Columbia University, and informed consent was obtained from all participants.
Personal interview
A 45-min questionnaire was administered by a trained bilingual interviewer during the last trimester of pregnancy, at 6 months, 12 months, and 24 months postpartum. The content included socioeconomic and demographic information, residential history, living conditions during the current pregnancy (including housing quality and material hardship), history of exposure to active and passive smoking, alcohol, drugs, and PAH-containing foods (frequency of consumption of blackened meat, chicken, or fish). The questionnaire was based on one used in a prior study of women and newborns and adapted for the New York City population [72] . ETS exposure was measured by a set of questions about timing, frequency, and the amount of exposure to cigarette, cigar and pipe smoke in the home. High-, medium-, and low-exposure categories were collapsed into a dichotomous measure of self-reported ETS exposure, defined as present (coded 1) if the mother reported moderate or high exposure throughout pregnancy, or absent (coded 0) if the mother reported no exposure or very infrequent exposures in pregnancy. A measure of material hardship, originally developed by Mayer and Jencks [61] , assessed the level of unmet basic needs in the areas of food, housing, and clothing. We defined material hardship as the total number of unmet basic needs, i.e., going without or having inadequate food, housing, or clothing at some point in the past year, each counted as one unmet need (0=no unmet needs, 1=one unmet need; 2=two or more unmet needs). Overall satisfaction with living conditions was self-assessed on a five-point scale ranging from very satisfied to very dissatisfied. The 27-item Psychiatric Epidemiology Research Instrument Demoralization Scale [28] was used to measure nonspecific psychological distress. It has been used with community samples as a measure of the total burden of stress [21, 30, 85] and, in relation to adverse environmental exposures [3, 27] , demonstrating high internal consistency reliability in white African American and Hispanic urban populations [88] . Maternal educational level at the time of the child's second birthday was measured both continuously and dichotomously, using high school graduation and subsequent education or training as cut points. Prenatal alcohol consumption was assessed by a set of questions about frequency of ingesting an alcoholic drink in each trimester (<1/day, 1 -2/day, 3-4/ day, z5/day); a drink being defined as 12 oz. beer, 5 oz. wine, or 2 oz. hard alcohol or mixed drink. High exposure was defined as z5 drinks per day in any trimester, moderate exposure was defined as <5 drinks per day but z1 drink per day, and low exposure was defined as <1 drink per day in any trimester.
Prenatal personal air monitoring
During the third trimester of pregnancy, the women were asked to wear a small backpack containing a personal monitor during the daytime hours for two consecutive days and to place the monitor near the bed at night. The personal air sampling pumps operated continuously over this period, collecting vapors and particles of V2.5 Am in diameter on a precleaned quartz microfiber filter and a precleaned polyurethane foam (PUF) cartridge backup. The samples were analyzed at the Southwest Research Institute (SwRI) for eight carcinogenic PAH: benz(a)anthracene, chrysene, benzo(b)-fluroanthene, benzo(k)fluroanthene, B[a]P, indeno(1,2,3-cd)pyrene, disbenz(a,h)anthracene, and benzo(g,h,i)perylene as, described by Majumdar et al. [53] and Whyatt et al. [96, 97] . To determine whether the participants complied with the requests to carry backpacks equipped with environmental monitoring devices, motion detectors were installed in the backpacks of randomly selected women. For the average woman, nearly 95% of the total number of motion detections occurred during the waking hours, consistent with the verbal reports of our participants that they were complying with our request to wear the backpacks during daytime hours over the environmental monitoring period. For quality control, each personal monitoring result was coded as to the accuracy in flow rate, time, and completeness of documentation. In addition, each personal air monitoring for PAH was checked for insufficient/unstable flow or leak, based on the use of a rotometer, and then coded as to the accuracy in flow rate, time, and completeness of documentation. A code of 0 -1 indicated high quality, 2 intermediate quality, and 3 indicated unacceptable quality. We restricted the analysis to participants with high quality samples. Five samples had a QA score of 3 (unusable data) and 22 had a QA score of 2 (problematic data), resulting in the exclusion of 27 samples (or 27 women) from the sample.
As reported previously, the study cohort has substantial exposure to multiple airborne contaminants during pregnancy [70, 97] . Specifically, almost half of the mothers and infants had cotinine levels indicative of ETS exposure (>0.025 -25.00 ng/ml). The analysis of PAH in air samples from the first 250 pregnant women showed that all samples had detectable levels of one or more carcinogenic PAH, ranging over four orders of magnitude [70] .
Biologic sample collection and analysis
Maternal blood (30 -35 ml) was collected within one day postpartum, and umbilical cord blood (30 -60 ml) was collected at delivery. The samples were immediately transported to the laboratory, where buffy coat, packed red blood cells, and plasma samples were separated and stored at À70 jC. A portion of each sample was shipped to the Centers for Disease Control (CDC) for an analysis of plasma cotinine, using high-performance liquid chromatography atmospheric-pressure ionization tandem mass spectrometry [11] . The maternal and cord plasma concentrations of cotinine were significantly correlated (r=.88, P<0.001). The lead in the umbilical cord blood was analyzed by Zeeman graphite furnace atomic absorption spectrometry, using a phosphate/ Triton X-100/nitric acid matrix modifier.
Measures of fetal growth and child neurodevelopment
Gestational age, birth weight and length, and head circumference data were abstracted from the maternal and infant medical records by trained research workers. The Bayley Scales of Infant Intelligence [4] were used to assess cognitive development at 24 months of age. Each child was tested by a bilingual research assistant, trained and checked for reliability, under controlled conditions at the Children's Center offices. Each scale provides a developmental quotient (raw score/chronological age), which generates a mental development index (MDI) and a corresponding psychomotor development index (PDI); only the results of the MDI were used for the present report. The Bayley scales were selected because of their widespread use, good psychometric properties, and increasingly accurate prediction for assessments made in the 2-year period, particularly for children performing in the subnormal range [39] . In addition, the Bayley scales have been shown to be sensitive to the effects of toxic exposures such as low-level intrauterine lead [6] . In the present study, the interrater reliability for the 24-month MDI was r =.92, based on double scoring of a random 5% of the sample. For the present report, in addition to the continuous MDI score, we also used the standardized cut point to classify children as significantly delayed (<80).
Statistical analysis
Chi-square analysis and logistic regression of selfreported ETS exposure on cotinine assay levels were used as tests of association for biological verification of the ETS measure. Because the eight PAH air concentration measures were significantly intercorrelated (r values ranging from .50 to .92; all P values <0.001 by Spearman's rank), a composite PAH variable was computed and log (ln)-transformed to approximate the normal distribution. Intrauterine lead levels (umbilical cord blood samples) ranged from nondetectable to 7.6 Ag/dl, with a mean of 1.209 Ag/dl, and were log (ln)-transformed to approximate the normal distribution. Analysis of variance and chi-square analysis were used to evaluate the construct validity of the material-hardship measure. The stability of the socioeconomic indicators over time was determined by correlational analysis. The relationship between exposures and cognitive development was analyzed by multiple linear regression (for predicting continuous developmental scores) and logistic regression (for predicting risk of significant developmental delay), adjusted for known or potential confounders, and included all tests of 2-way interactions between exposures and sociodemographic conditions. The hardship measure was categorized into high/ low hardships for inclusion in multivariate tests of interactions with ETS. The criteria for selection of confounders were based on significant associations with either of the toxicant exposures (ETS or PAH) and cognitive development. Additional biomedical and demographic variables that were significantly associated with cognitive development in the present sample were included as covariates to reduce the error term.
Validation of measures
All women who self-reported a moderate or high exposure to ETS in the home during pregnancy were classified as ETS exposed. Of these, 72.8% screened positive for detectable levels of cotinine in the maternal or cord blood at the time of delivery (between 0.0250 and 25 ng/ml), indicating that they had been exposed to secondhand smoke within 48 h of delivery. Although we employed the most sensitive assay method currently available for the analysis of serum cotinine [11] , cotinine is only a short-term dosimeter of ETS exposure and does not assess exposure throughout pregnancy [22, 24, 43, 90] . Nevertheless, the association between self-reported ETS exposure and the cotinine assay in the present sample was highly significant (v 2 =48.57, P<0.001). Table 1 shows the steady increase in proportion of selfreported ETS, with an increasing level of the cotinine assay distribution (the lowest level includes all women with nondetectable assays). The association between ETS and cotinine levels was significant and of comparable magnitude for both African American (v 2 =26.89, P<0.001) and Hispanic women (v 2 =19.16, P<0.001). In addition to the dichotomous measure of prenatal ETS exposure, mothers also reported the number of smokers in the home. As a further check on the validity of self-reported ETS, the association between the number of smokers in the home (0, 1, 2 or more) and the cotinine assay level was tested. Although fewer than 10% of the women reported more than one smoker in the home, the association was positive and significant overall (v 2 =55.34, P<0.001), among African American (v 2 =25.21, P<0.001), and among Hispanic women (v 2 =24.60, P<0.001), further supporting the validity of self-report in this sample. Since self-report methods tend to under, rather than over, report ETS exposure, resulting in the classification of some true ETS-exposed women as unexposed [24] , any potential bias, if present, would result in an underestimation of ETS effects.
The construct validity of material hardship in the present population was assessed using measures of poverty, satisfaction/dissatisfaction with living conditions (five-point scale, ranging from very satisfied to very dissatisfied), and the Psychiatric Epidemiologic Research Instrument Demoralization Scale, a standardized measure of nonspecific psychological distress, which has been used in a number of previous studies of stressful living conditions (e.g., Refs. [27, 28] ). Consistent with the literature linking psychological distress with measures of SES, the regression of demoralization on hardships showed that, after adjusting for income and race/ethnicity, the total number of hardships was significantly and positively associated with demoralization ( P<0.001). Chi-square analysis showed that the degree of dissatisfaction with living conditions was also significantly and positively associated with the level of material hardship (v 2 =55.74, P<0.001). Based on the cross-sectional correlations between the measures of demoralization, poverty, and material hardships and the autocorrelations for each measure from pregnancy through the second postpartum year (see Table 2 ), we concluded that (1) material hardship was moderately, not highly, associated with poverty [r values ranged from .08 (NS) to .2, P<0.001], and associations were strongest at the same time point (all P values < 0.001); (2) material hardship was relatively stable over time, as indicated by the significant correlations of repeated measures from pregnancy through the child's second year (rs ranged from .24 to .42, all P values <0.001); (3) psychological distress was a function of material hardship (all P values <0.001) to a greater degree than it was related to the income measure of poverty (rs ranged from .05 to .27, some P values <0.001), suggesting that some of the conditions that accompany poverty may be more important determinants of maternal adjustment than income alone.
Results
Prenatal ETS exposure in the home was highly prevalent, occurring in 40.2% of the children with 24-month Bayley scores. Detectable inhalation levels of one or more PAH were found in 100% of the sample (total PAH exposures averaged 3.62 ng/m 3 , range=0.27 to 36.47 ng/m 3 ), while regular ingestion of dietary PAH (via charred foods) was uncommon (4.9%). Umbilical cord lead levels ranged from nondetectable to 7.6 Ag/dl, with a mean of 1.275 Ag/dl, and were not significantly associated with prenatal ETS. One or more material hardships were reported by 37.7% of the women during pregnancy, 27.3% during the first postpartum year, 22.7% during the second postpartum year, and 9.2% at all three assessments. Regular alcohol ingestion in pregnancy was reported by only 2.1% of the sample. As shown in Prenatal exposures to ambient and dietary PAH were not significantly associated with ETS exposure. Postnatal ETS exposure over the first 2 years of life was reported by 37.6% of the mothers (n=85), both pre-and postnatal exposure was reported by 26.5% (n=60), and 11.1% (n=25) had postnatal ETS exposure only.
Predictors of 2-year MDI
The overall mean 24-month MDI Bayley score was 84.31 (S.D.=12.91), and African American children had significantly higher mean MDI scores (mean=87.55; S.D.=12.31) than Dominican children (mean=82.77; S.D.=12.68; P<0.01). The lower scores on the Bayley scales by the Dominican children were largely a function of failed language items, possibly related to bilingual practices in the home. The proportion of children with significant delay (MDI<80) was 32.3% overall (27.3% of African Americans and 36.1% of Dominicans).
The mean unadjusted 2-year cognitive development score of the children who were exposed to prenatal ETS (mean =82.02; S.D.=13.01) was significantly lower than the mean score for children who were not exposed (mean=86.61; S.D.=12.30; F=7.41, P=0.007). Total number of material hardships in the postpartum period was significantly associated with 24-month development ( P<0.05) and income (v 2 =13.658, P<0.05), but not significantly associated with race/ethnicity, marital status, maternal education, or ETS exposure. The significant associations of race, marital status, and maternal educational level with both ETS exposure and 2-year cognitive scores identified these demographic variables as true confounders of the ETS -cognitive development relationship, and they were included in all subsequent multivariate models. Extreme poverty (<US$10,000 per year) was significantly associated with ETS exposure ( P<0.01), but not with 24-month development. Gender was significantly associated with MDI ( F=5.703, P= 0.002), such that girls scored significantly higher than boys (mean=87.52, S.D.=12.17 vs. mean=81.63, S.D.=12.85, respectively; P<0.001). The age of administration of the Bayley test (measured in weeks) was also significantly associated with continuous cognitive score ( P<0.001) and developmental delay ( P<0.001), suggesting that the test is sensitive to relatively small changes in maturation around the 24-month period, with substantial variability at the low end of the range. Gestational age was significantly associated with MDI (r =.13, P<0.05) despite the computation of the standardized Bayley scores based on the birthdate, adjusted for gestational age. Gender, gestational age, and infant age at test administration together accounted for 11.1% of the variance in the 24-month cognitive scores and were included as covariates. The reported frequency of dietary PAH (ingestion of blackened or charred foods) was low (only 4.9% of the sample reported ingestion of any blackened food at any time during pregnancy, and no participants reported frequent ingestion throughout pregnancy) and was not significantly associated with either airborne exposures or cognitive outcome. Cord blood lead was not significantly associated with airborne exposures or cognitive outcome. Although the lead levels were low in this sample (mean=1.25 Ag/dl), lead was included in subsequent multivariate analyses because a threshold has not been established for lead neurotoxicity, and because of possible synergistic effects of lead with ETS and PAH. Maternal alcohol consumption during pregnancy was not a significant predictor of cognitive development, in part, because the women with alcohol abuse were not included in the sample. Airborne PAH was not significantly associated with 24-month MDI, but was retained in subsequent multivariate analyses because it was associated with birth weight in this population [69] and others [72] , and, hence, is an exposure of interest. Although PAH is a constituent of ETS, in the present sample, there were no significant differences in mean PAH for ETS-exposed as compared with unexposed participants (see Table 3 ), nor was there a significant association between prenatal PAH exposure and cord blood cotinine. These observations suggest that no significant amounts of emissions from nearby cigarettes were measured during our PAH monitoring.
Multivariate analyses
To assess the impact of ETS on 24-month child cognitive development, while adjusting for confounders and covariates (including other chemical exposures), linear regression models were constructed. Multivariate results are presented in Table 4 , where Model 1 includes only main effects and Model 2 tests the significance of interaction term(s). In Model 1, the main effect of ETS was highly significant ( P=0.005), such that exposure was associated with a 4.8-point deficit in cognitive score. Maternal education/training beyond high school (>12 years) was significantly associated with cognitive development, and a married status was positively associated, with borderline significance ( P= 0.099). The total number of material hardships was negatively, yet only marginally, associated with MDI ( P=0.064). The main adverse effect of ETS remains significant when material hardship is included in the model, suggesting that both risk factors contribute independently to cognitive deficit. In Model 2, the interaction between ETS and material hardship was tested and found to be significant, such that the adverse impact of prenatal ETS exposure on child development was greater among children whose mothers reported greater material hardship ( P=0.03), resulting in a cognitive deficit of approximately seven points. Fig. 1 illustrates this interaction by showing the adjusted mean MDI scores at three levels of material hardship for ETSexposed and unexposed children.
Although African American children scored significantly higher on the measure of cognitive development as compared with Latino children ( P<0.001), there were no race/ethnic group differences in effect sizes for ETS, material hardships, or the ETS-material hardship interaction (all tests of interactions with race were nonsignificant). There were no other significant interactions of exposure variables with demographic factors or material hardships, nor were there any significant interactions among the exposure variables. Since PAH is one of the constituents of ETS, the finding that airborne PAH is not significant in the full model suggests that the ETS effect on cognitive development is not explained by the contribution of airborne PAH.
An additional model was run, including a term for postnatal ETS exposure (over the first two years of life), to assess the impact of postnatal ETS exposure on cognitive development, over and above the prenatal effect. In this sample, 65.9% of the mothers with prenatal ETS exposure reported continued smoking exposure in the home during the first 2 years of life, a potentially vulnerable period. Postnatal exposure did not significantly contribute to 24-month development, after controlling for prenatal exposure, and the postnatal term was not included in the final model. Since postnatal ETS, in the absence of prenatal ETS, was reported by only 11.1% of mothers, no additional analyses were done to test the effects of postnatal ETS exposure in the absence of prenatal exposure.
To determine whether the impact of ETS and the significance of the interaction term were mediated or explained by fetal growth parameters, all regression models were rerun, including the terms for birth weight, birth length, and head circumference. No fetal growth parameter effect was significant, and the inclusion of each of these parameters in separate models did not substantially alter the magnitude or significance of the ETS exposure term or the ETShardship interaction term. Table 5 shows the results of a logistic regression analysis, evaluating the impact of exposures and covariates on the risk of developmental delay (<80 on the Bayley). The main effect of ETS was again significant (OR=2.36; 95% CI=1. 22, 4.48) , such that children with ETS exposure were more than twice as likely to show developmental delay as compared with unexposed children (Model 1). As seen in Model 2, the interaction of ETS and material hardships just missed significance at the .05 level. 
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g Married=1; Unmarried=0. h Total unmet needs in areas of food, housing, clothing; categorized into high=1 and low=0. Fig. 1 . Regression of 24-month cognitive development on parenatal ETS exposure, by level of material hardship (n=226). (The regression was adjusted for race/ethnicity, gender gestational age at delivery, age at testing, marital status, maternal age, and level of PAH exposure.)
Further exploration of the interaction between ETS and material hardship
The interaction effect was not explained by a higher likelihood of ETS exposure among women experiencing greater hardships; that is, the association between material hardship level and ETS exposure was nonsignificant (v 2 =0.14, P=0.70). However, the interaction might occur if ETS-exposed women who reported high numbers of hardships actually experienced higher doses of residential ETS (e.g., more smokers or greater frequency of smoking behavior in the home), resulting in greater deficits in child cognitive development. There is some evidence in the literature that smoking practices among the more economically disadvantaged individuals involve more cigarettes [37] , as compared with smoking practices among less disadvantaged individuals [14] . To rule out this possible explanation for the statistical interaction, we analyzed two biomarkers of exposure, maternal or fetal cotinine (shortterm dosimeter) and cord 4-aminobiphenyl-hemoglobin adducts (longer term dosimeter than cotinine, available for a subset of women), in ETS-exposed individuals at different hardship levels. Among the 91 ETS-exposed women (whose children completed the 24-month Bayley), mean cotinine levels did not vary significantly by level of material hardship: 0.15 ng/ml (S.D.=.22) for high-hardship versus 0.53 ng/ml (S.D.=1.35) for low-hardship households. In a subset of 71 women with 4-ABP-Hb adducts, mean levels of adducts were not significantly different in the two hardship groups: 10.93 pg/g (S.D.=6.98) for the high-hardship group versus 10.60 pg/g (S.D.=7.09) for the low-hardship group. The lack of significant group differences by hardship level for either biomarker suggests that the significant interaction between ETS and hardships was not explained by higher dosage of ETS among ETS-exposed women in the more materially disadvantaged households.
Discussion
The finding of a significant negative association between prenatal ETS exposure in the home and 24-month child cognitive development provides evidence for a developmentally toxic effect of maternal exposure to secondhand smoke during pregnancy. The adjusted mean mental development score for infants who were prenatally exposed was approximately five points below the unexposed group mean, and those infants with prenatal ETS exposure were twice as likely to be classified as significantly delayed when compared with infants with no prenatal ETS exposure, after adjustment for confounders and covariates.
The main effect of ETS exposure on 2-year developmental scores was detected when exposure occurred prenatally. Additional exposure during the first two postnatal years, after controlling for prenatal exposure, was not associated with significantly lower developmental scores, nor did it add significantly to the risk of developmental delay. The number of children with postnatal ETS exposure, in the absence of prenatal ETS exposure, was small (n=25) and included children who were exposed at any time during the first 2 years of life, limiting our ability to further explore the possible impact of postnatal ETS.
The adverse impact of fetal exposure to ETS may be due to the diverse mechanisms exerted by the many ETS constituents such as the alteration of receptor-mediated cell signaling in the brain [83] , antiestrogenic effects [17] , induction of P450 enzymes [55] , DNA damage resulting in activation of apoptotic pathways [68, 102] , and/or agents that bind to receptors for placental growth factors, resulting in decreased exchange of oxygen and nutrients [23] . Although previous findings showed a significant association between prenatal ETS exposure and head circumference at the time of birth [69] , head circumference was not predictive of cognitive development at 24 months of age, and there was no evidence that the ETS effect on cognitive development was mediated by any fetal growth parameter. The lead literature has also demonstrated that the adverse neuro- [6, 67, 99] .
The finding that children who were exposed to both prenatal ETS and material hardship scored, on average, 7.1 points lower on the Bayley MDI as compared with those with neither ETS nor hardship is provocative, but should be interpreted cautiously. It is possible that ETS is equally toxic under conditions of low and high hardship, but that low-hardship families have extra resources in the form of stimulation or positive parent -child interactions that enable the children to compensate for the adverse ETS effects, as has been shown in the lead literature. A limitation of the present analysis is the failure to measure the possible compensatory effects of family resources and supports.
As is the case with lead, ETS is only one of a multitude of influences on neurobehavioral development [42] , making it difficult to detect true ETS-related decrements in populations where developmental risks are widespread [9] . It is therefore possible that material hardship, as defined in this study, is merely a marker for exposure to other unmeasured toxicants [97] , so that the apparent interaction with ETS reflects a biological synergism with other contaminants (e.g., drugs, pesticides, volatile organic chemicals, and other unmeasured ambient air pollutants). Mattson et al. [60] found that prenatal exposure to active maternal smoking strengthened (or increased the power to detect) the negative effects of intrauterine exposure to benzodiazepines on child cognitive development. Eyler et al. [31] reported significant interactive effects of prenatal active smoking and cocaine exposure on neurodevelopment. Although mechanisms may differ by class of teratogenic agent, the importance of considering the joint impact of ETS exposure with other intrauterine exposures, rather than simply controlling for the effects of one or the other, cannot be overstated. Given the high number of pollutants and other potentially toxic exposures in urban settings [34, 45] , the comorbidity of ETS and other neurotoxicants deserves further study [49, 83] .
Another possible explanation for the apparent interaction effect is that those children exposed to both prenatal ETS and conditions of material hardship may share a third common risk factor for adverse child developmental outcome: poor maternal dietary practices. Several studies have reported that active smoking among pregnant women is associated with lower intake of micronutrients and lower quality diet [57, 84] . Rogers et al. [76] also reported significant differences in the types of food habitually eaten by smoking as compared with nonsmoking pregnant women, with smokers reporting a higher fat diet. Although a relationship between exposure to secondhand smoke and dietary practices has not been established, it is possible that members of smoking households share common dietary practices as a result of shared resources.
Not surprisingly, several population-based surveys have found a link between hardship and dietary practices, such that financial hardships are associated with lower quality diets, especially intakes of iron, folic acid, and micronutrients [13, 76, 82 ]. This suggests that the level of difficulty affording basic necessities, as measured by material hardship in the present study, may be a general indicator of the impact of poverty on diet. Deficient diets (among those who report having gone without food) may be characterized by lower intake of essential micronutrients (e.g., antioxidants, essential fatty acid), with implications for fetal growth and child development [12, 89, 102] . These reports lend support to the idea that adverse developmental effects of ETS exposure may be compounded by dietary deficits. But again, the specific biological mechanisms underlying such interactions have yet to be explored. In the present sample, co-exposure to both ETS and material hardship may be a marker for the most extreme dietary deficiencies, resulting in the greatest neurodevelopmental deficits in this group.
Evidence in the literature for the moderating effects of the social environment on prenatal toxicant effects is inconsistent, in part, because of differences in the definition and assessment of the social environment [8] . In the present study, material hardship likely serves as a marker for multiple economic and psychosocial disadvantages, any one of which might be considered a risk factor for aberrant child development. Some of the pathways by which socioeconomic disadvantage may affect child health and development have been extensively reviewed elsewhere [2] . The finding of a strong relationship between material hardship and psychological distress is consistent with other studies (e.g., Ref. [50] ). Although maternal distress did not appear to have a mediational role in this population (no direct association between distress and cognitive development, and no reduction in the magnitude of the hardship effect with distress in the model), maternal distress is undoubtedly an important part of the caretaking environment and may play a role in the modulation of the prenatal toxicant effect, as seen for example in the cocaine literature [32] .
With respect to toxicant effect modification by aspects of the social environment, Sadler et al. [78] have reported that prenatal ETS exposure was associated with small size-forgestational-age only among low-income women, with no ETS effect for the higher income group. Weiss [93] compares the effects of lead toxicity in advantaged and disadvantaged communities and demonstrates how, while harmful lead effects may appear to be stronger among more socioeconomically advantaged children [8, 80] , the actual number of children added to the developmentally delayed category, as a result of lead exposure, is far greater (and more costly) in less advantaged populations. Jacobson and Jacobson [41] found that breast-fed children were less vulnerable to the adverse cognitive effects of prenatal consumption of PCBs, possibly because of higher quality parenting. They also found that the adverse neurobehavioral effects of prenatal PCB exposure were stronger among children with less verbal mothers. Other studies have reported a modulation of the teratogenic effects of antenatal cocaine exposure on a range of neurobehavioral outcomes by social factors [31] such as public assistance, multiparity [5] , and caregiving or early intervention [32] .
Such interactions may reflect a kind of cumulative risk whereby children who are exposed prenatally to single or multiple neurotoxicants are rendered more susceptible to the developmental challenges posed by deprivation and/or stressful living conditions in the early years of life [86] . In the present sample, material hardships may not be welltolerated by children who have been prenatally exposed to chemical toxicants. Mayes [62] provides a relevant behavioral teratogenic model, in which prenatal cocaine exposure affects arousal regulatory mechanisms, resulting in the young child's vulnerability to environments characterized by impaired parenting and other social stressors. According to this model, the adaptation to challenging situations depends on an individual's threshold for activation of the catecholamine and norepinephrin arousal system, and this threshold may be impaired by the prenatal toxicant exposure. The ability to modulate arousal is a critical skill, with wide-ranging implications for development [10] . Animal models have also shown that prenatal and early postnatal exposure to nicotine can modulate catecholamine gene expression or neuroendocrine regulation [33, 81] , and recent evidence from animal and human studies has shown that maternal stress may mediate associations between socioeconomic adversity and early childhood cognition [52, 63, 64] . This model suggests that it may be important to identify early caretaking conditions that are developmentally protective, such that some children, despite prenatal toxicant exposure, are able to compensate and enjoy a more optimal developmental trajectory. In the present study, children with older and/or married mothers had slightly higher developmental scores, possibly indicating the protective or compensatory effect of more stable homes. Mechanisms underlying the exacerbation or amelioration of neurotoxicant effects by social conditions await further study.
While the adjusted mean MDI scores of the ETS-exposed and unexposed groups differed by only five points, the proportion of children in the ETS-exposed group with cognitive scores <80 was two times greater than among the unexposed children. This suggests that twice as many exposed children may need (and are eligible for) early intervention services, an intervention designed for children who are at potential risk for early school failure. The stability of cognitive assessments during the first few years of life is limited, yet, the predictive power increases after two years, suggesting that children with MDI <80 at 24 months are potentially at risk for performance deficits (language, reading, and math) in the early school years. A comparison of studies of the long-term cognitive effects of active versus passive smoking in pregnancy on children's neurobehavioral functioning indicates that ETS has smaller effects than active smoking, suggesting a continuum of effects with possible dose-response characteristics ([54; see, for review, Ref. [94] . Despite the dilution of ETS exposure, there is some evidence that certain toxic chemical constituents of tobacco smoke are higher in sidestream as compared with mainstream smoke, possibly boosting their neurotoxic impact [66] . The magnitude of the ETS effect on early cognitive development in this study is comparable with low-level lead exposure effects [80] ranging from 3.4 to 6.6 points, depending upon pre-or postnatal exposure assessment [91, 99] , dietary factors [77] , and length of follow-up [6, 7] .
According to a recent report by the Surgeon General, smoking is ''the most important modifiable cause of poor pregnancy outcome among women in the United States'' [87] , with serious implications for subsequent neurobehavioral development. The present results suggest that cautions against antenatal maternal smoking should be extended to include fetal exposure to secondhand smoke. In this predominantly low-income minority population, especially among those with high material hardship/deprivation, even a small increase in risk associated with ETS exposure was sufficient to move significant numbers of children into the developmentally delayed range, resulting in a greater need for early intervention services and, perhaps, special education classes in the early school years. Although the educational disadvantages experienced by children in northern Manhattan are undoubtedly multiply determined, residential tobacco smoke exposure does appear to be a source of significant, highly prevalent, and largely preventable risk for child cognitive delay in this population.
